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ABSTRACT: We discuss gauge and Yukawa unification in the context of a supersymmetric model with
bilinear R—parity violation. We show that this model allows b — 7 Yukawa unification for any value of
tan  while satisfying perturbativity of the couplings. We also find the ¢t — b — 7 Yukawa unification
easier to achieve than in the MSSM, occurring in a wider high tan § region. Finaly, we also discuss
the compatibility between the predicted and the measured values for ag(Mz).

1. Introduction

The Standard Model (SM) of particle physics
is very successful in describing the interactions
of the elementary particles, except possibly neu-
trinos. Although it is regarded as a good low-
energy effective theory, the SM has many the-
oretical problems. Its gauge symmetry group
is the direct product of three groups SU(3) x
SU(2) x U(1) and the corresponding gauge cou-
plings are unrelated.
three family structure of quarks and leptons, and

It does not explain the

their masses are fixed by arbitrary Yukawa cou-
plings, with neutrinos being prevented from hav-
ing mass. The Higgs sector, responsible for the
symmetry breaking and for the fermion masses,
has not been tested experimentally and the mass
of the Higgs boson is unstable under radiative
corrections.

In supersymmetry (SUSY) [1] the Higgs bo-
son mass is stabilized under radiative corrections
because the loops containing standard particles
are partially canceled by the contributions from
loops containing SUSY particles. If to the Min-
imal Supersymmetric Standard Model (MSSM)
[2] we add the notion of Grand Unified The-
ory (GUT), then we find that the three gauge
couplings approximately unify at a certain scale
Meaur [E] Indeed, measurements of the gauge
couplings at the CERN eTe™ collider LEP and
neutral current data [2_1:] are in much better agree-

ment with the MSSM—GUT with the SUSY scale
Mgysy <1 TeV [ﬁ], as compared with the SM.

Besides achieving gauge coupling unification
@], GUT theories also reduce the number of free
parameters in the Yukawa sector. For example,
in SU(5) models, the bottom quark and the tau
lepton Yukawa couplings are equal at the unifi-
cation scale, and the predicted ratio my/m, at
the weak scale agrees with experiments. Further-
more, a relation between the top quark mass and
tan 8 = v, /vg, the ratio between the vacuum ex-
pectation values of the two Higgs doublets is pre-
dicted. Two solutions are possible, characterized
by low and high values of tan [:Z:] In models
with larger groups, such as SO(10) and Es, both
the top and bottom Yukawa couplings are uni-
fied with the tau Yukawa at the unification scale
[B] In this case, only the large tan (3 solution
survives.

In this talk we describe some recent results
[d], that show that the minimal extension of the
MSSM-GUT [i0] in which R-Parity Violation
(RPV) is introduced via a bilinear term in the
MSSM superpotential [11, i3], allows b-r Yukawa
unification for any value of tan3. We also ana-
lyze the t-b-7 Yukawa unification and find that it
is easier to achieve than in the MSSM, occurring
in a slightly wider high tan 3 region. We also ad-
dress the question of the compatibility between
the predicted and measured value for as(Mz) in
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the MSSM and in the bilinear RPV model.

2. Description of the Model

The superpotential W is given by [:_1-1:, :_fg‘]

W =cap|hi Q2U; HY + W Q0D HG +RILE R HY
—MI:\I;I’-\IS +eifgflg (2.1)

where ¢,7 = 1,2, 3 are generation indices, a,b =
1,2 are SU(2) indices.
motivated by models of spontaneous breaking of
R-Parity [[3]. Here R-Parity and lepton num-
ber are explicitly violated by the last term in
Eq. (:_2_]1')

The set of soft SUSY breaking terms are

This superpotential is

Viort=M3?Q3*Q} + M*U; Uy + M3 D; D;
+MPPLE LY + MiPR;R; +m3y Hy* HS
+m% HYHE — [% Z MM\ + h.c.}
+Eab [Aﬁjj@?ﬁjHﬁ +APQID;H
+Agf§ﬁjH5fB,qujHﬁJrBieiE;’Hﬂ (2.2)

The bilinear R-parity violating term cannot be
eliminated by superfield redefinition. The rea-
son [ié]_:] is that the bottom Yukawa coupling, usu-
ally neglected, plays a crucial role in splitting the
soft-breaking parameters B and B; as well as the
scalar masses m%{d and M3, assumed to be equal
at the unification scale.

The electroweak symmetry is broken when the
VEVS of the two Higgs doublets Hy and H,, and
the sneutrinos.

H; =

(%[Xg + g+ i<p2]> (2.3)

Hy

H+
Hu<1 , ,O> (2.4)
T30+ vu + il

LR v +iv!
é’L
The gauge bosons W and Z acquire masses

m%,v = %9202 . om% = %(g2 + ¢?)v? (2.6)
where

v? =03 + v +of + 0+ 03 = (246 GeV)? (2.7)

We introduce the following notation in spherical
coordinates:

vg = v sin#q sin Oy sin 03 cos
v, = v sinfy sin f5 sin O3 sin 8
vy = vsinfq sin O cos O3

vy = vsinfy cos by

v3 = vcosb

which preserves the MSSM definition tan( =
vy /vg. The angles 6; are equal to 7/2 in the
MSSM limit.

The full scalar potential may be written as

2
+ Vb + Viort + Vre (2.8)

Wotal = Z ‘ %I;V

where z; denotes any one of the scalar fields in
the theory, Vp are the usual D-terms, Vyop: the
SUSY soft breaking terms, and V¢ are the one-
loop radiative corrections.

In writing Ve we use the diagrammatic method
and find the minimization conditions by correct-
ing to one—loop the tadpole equations. This me-
thod has advantages with respect to the effective
potential when we calculate the one—loop cor-
rected scalar masses. The scalar potential con-
tains linear terms,

‘/linear = tdo'g + tuo'g + tzﬁzR = taag ) (29)

where we have introduced the notation

o_,0 0 R _ R R
0o = (0,00, V1 V5, V3")

(2.10)
and a = d,u,1,2,3. The one loop tadpoles are
to = 1O —6tM5 1 T,(Q)

=1+ TM5(Q) (2.11)

where TO{V[_S(Q) = fétgt/[_s + T, (Q) are the finite
one—loop tadpoles.

In the following we will consider the one gener-
ation version of this model, where only e5 # 0.
Then v1 = vy =0if €1 = €3 = 0.

3. Main Features

The e-model is a one(three) parameter(s) gener-
alization of the MSSM. It can be thought as an
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Figure 1: Ratio of the lightest CP-even Higgs bo-
son mass my in the e-model and in the MSSM as a
function of vs.

effective model showing the more important fea-
tures of the SBRP-model [[3] at the weak scale.
The mass matrices, charged and neutral currents,
are similar to the SBRP-model if we identify

€ = vgh, (3.1)

The R—-Parity violating parameters €3 and vs vi-
olate tau—lepton number, inducing a non-zero v,
mass m,,_ x (uvs + €3v4)?, which arises due to
mixing between the weak eigenstate v, and the
neutralinos. The v, and v, remain massless in
first approximation. They acquire masses from
supersymmetric loops [.‘_1-5, :_1-(_;] that are typically
smaller than the tree level mass.

The model has the MSSM as a limit. This
can be illustrated in Figure 1} where we show the
ratio of the lightest CP-even Higgs boson mass
my, in the e-model and in the MSSM as a func-
tion of vs. Many other results concerning this
model and the implications for physics at the ac-
celerators can be found in ref. [:_1-1_1', :_l-g']

4. Radiative Breaking

4.1 Radiative Breaking in the emodel: The
minimal case

At Q = Mgyt we assume the standard minimal

supergravity unifications assumptions,

A=Ay =A, = A,
B=By=A-1,
m%h:m%b:M%:Mf%:mg,
M@ = Mg = Mp =mg,

M3 :M2 :M1 :M1/2 (41)

In order to determine the values of the Yukawa
couplings and of the soft breaking scalar masses
at low energies we first run the RGE’s from the
unification scale Mgyt ~ 1016 GeV down to the
weak scale. We randomly give values at the uni-
fication scale for the parameters of the theory.

1072 < higyr/4m < 1

1075 < h2gpp/dm < 1

-3 < <
3 < 2A/’ITL() ) S 3 (4.2)
0 < pgyr/mg <10

0 < Myjp/mo <5

1072 < egyg/mi < 10

The value of hZ ;;1/4m is defined in such a way
that we get the 7 lepton mass correctly. As the
charginos mix with the tau lepton, through a
mass matrix is given by

M %gvu 0
Mc = %gvd I —\%hﬂ}g (4.3)
%9113 —€3 %hwd

Imposing that one of the eigenvalues reproduces
the observed tau mass m,, h, can be solved ex-
actly as [[9]

(4.4)

T

_ 2m? [1+51}

h? =
Vd 1+ 09

where the §;, ¢ = 1,2, depend on m,, on the
SUSY parameters M, u, tan 8 and on the R-Pari-
ty violating parameters €3 and wvs.
shown [12] that

It can be

lim 6; =0 (4.5)
e3—0
After running the RGE we have a complete set of
parameters, Yukawa couplings and soft-breaking
masses mZ(RGE) to study the minimization. To
do this we use the following method [:_1-()']
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1. We start with random values for h; and h,
at Mgyr. The value of h, at Mgy is fixed
in order to get the correct 7 mass.

2. The value of vq is determined from my; =
hbvd/\/ﬁ for my = 2.8 GeV (running b mass
at mz).

3. The value of v, is determined from m; =
hivy /2 for my = 176 £5 GeV. If
4
vitvi>e? = 7 my, = (246 GeV)?  (4.6)

then we go back and choose another start-
ing point. The value of vs is then obtained
from

4
vgzi\/?mﬁv—vf—vg (4.7)

We see that the freedom in h; and hy at Mgy
can be translated into the freedom in the mix-
ing angles 0 and 6. Comparing, at this point,
with the MSSM we have one extra parameter 6.
We will discuss this in more detail below. In
the MSSM we would have § = 7/2. After doing
this, for each point in parameter space, we solve
the extremum equations, for the soft breaking
masses, which we now call m? (i = Hy, Ha, L).
Then we calculate numerically the eigenvalues for
the real and imaginary part of the neutral scalar
mass-squared matrix. If they are all positive, ex-
cept for the Goldstone boson, the point is a good
one. If not, we go back to the next random value.
As before, we end up with a set of solutions for
which the m? obtained from the minimization of
the potential differ from those obtained from the
RGE, which we call m?(RGE). Our goal is to
find solutions that obey

m? =m?(RGE) Vi (4.8)

To do that we define a function

m? m?2(RGE)

3

m2(RGE)’ m?

K2

) Vi (4.9)

n = max (
We see that we have always
n>1 (4.10)

and use MINUIT to minimize 1. We have shown
[:_1(_)'] that it is easy to get solutions for this prob-
lem.

Before we finish this section let us discuss the
counting of free parameters. In the minimal N=1
supergravity unified version of the MSSM this is
shown in Table g.' The counting for the e-model
is presented in Table g Finally, we note that in
either case, the sign of the mixing parameter p
is physical and has to be taken into account.

Parameters  Conditions  Free Parameters
h¢, hy, hr my, My tan 3

Vd, Vu,M1/2 My, Mt 2 Extra
mo, A, p t; =0,1=1,2 (e.g. mp, ma)
Total = 9 Total = 6 Total = 3

Table 1: Counting of free parameters in N=1 super-
gravity MSSM.

Parameters Conditions Free Parameters
hi, hy, hr mw, My tan (3, €;
Vdy Vu, Myyo mp, M
mo,A, t;=0 2 Extra
Vi, € (izl,...,5) (e.g. mp, mA)
Total =15 Total =9 Total = 6

Table 2: Counting of free parameters in our model.

4.2 Yukawa Unification in the ¢ model: I
Motivation

There is a strong motivation to consider GUT
theories where both gauge and Yukawa unifica-
tion can achieved. This is because besides achiev-
ing gauge coupling unification, GUT theories can
also reduce the number of free parameters in the
Yukawa sector and this is normally a desirable
feature. The situation with respect to GUT the-
ories that embed the MSSM can be summarized
as follows [i1, §]:

e In SU(5) models, hy = h, at Mgyr. The
predicted ratio my/m, at Mwpak agrees
with experiments.

o A relation between my,, and tan 3 is pre-
dicted. T'wo solutions are possible: low and
high tan 3 .
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e In SO(10) and Eg models hy = hy, = h;, at
Mgyr. In this case, only the large tan g
solution survives.

e Recent global fits of low energy data (the
lightest Higgs mass and B(b — sv)) to
MSSM show that it is hard to reconcile
these constraints with the large tan( so-
lution. Also the low tan( solution with

© < 0 is also disfavored.

In the following sections we will show [g] that
the e-model allows b — 7 Yukawa unification for
any value of tan § and satisfying perturbativity
of the couplings. We also find the t—b—7 Yukawa
unification easier to achieve than in the MSSM,
occurring in a wider high tan § region.

4.3 Yukawa Unification in the ¢ model: II
The Method

As before h, can be solved exactly

(4.11)

T

_ 2m? [14—(51]

h? =
Vd 1+ 6o

where the §;, i = 1,2, depend on m., on the
SUSY parameters M, u, tan and on the R-parity
violating parameters €3 and vs. Also h; and hp
are related to m; and my

v

V2

v
my = hy sin 3sinf, mb:hb—200$ﬁsin9

(4.12)
where

v=2mw/g; tanfB = vy /vg ; cosl =uvs/v
(4.13)
In our approach we divide the evolution in three
ranges:

1. mz — my
We use running fermion masses and gauge
couplings.

2. my — MSUSY
We use the two-loop SM RGE’s including
the quartic Higgs coupling .

3. Msusy = Mgur
We use the two-loop RGE’s.

Using a top — bottom approach we randomly
vary the unification scale Mgy and the unified
coupling agyr looking for solutions compatible
with the low energy data [7]

agt(mz) = 128.896 4 0.090
sin? 0, (mz) = 0.2322 4+ 0.0010

as(mz) = 0.118 £ 0.003 (4.14)

We get a region centered around

Maur ~ 2.3 x 101%GeV ; acur ! ~24.5
(4.15)
Next we use a bottom — top approach to study
the unification of Yukawa couplings using two-
loop RGEs. We take [i7]

my = 80.41 £ 0.09 GeV

my = 1777.0£ 0.3 MeV

mp(mp) = 4.1 to 4.5 GeV (4.16)
We calculate the running masses

mr(me) = U?lmr(mf)

my(my) = nglmb(mb) (4.17)

where 1, and 7, include three—loop order QCD
and one-loop order QED ElES:] At the scale Q =
my we keep as a free parameter the running top
quark mass m(m;) and vary randomly the SM
quartic Higgs coupling A. In solving the RG
equations we take the following boundary con-
ditions:

1. At scale Q = my

A2 (my) = 2m3F(my)/v? 5 i =t,b,7 (4.18)
2. At scale Q = Msysy
M(Mgay) = hi(MJ gy )sinBsinf
Mo (Mgpsy) = ho(Mgy gy ) cos Bsind

M (Mgysy) = he(Mdy gy ) cos Bsin 6

14 49
14 0q

(4.19)

where h; denote the Yukawa couplings of
our model and )\; those of the SM. The
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Figure 2: Top quark mass as a function of tan 8 for
different values of the R—Parity violating parameter
vs. Bottom quark and tau lepton Yukawa couplings
are unified at Mgur. The horizontal lines correspond
to the lo experimental m; determination. Points
with ¢t — b — 7 unification lie in the diagonal band at
high tan 8 values. We have taken Msysy = mq.

boundary condition for the quartic Higgs
coupling is

MMgysy)=1 (QQ(M;USY)‘*'QQ(M;Usy)}
(cos 23sin” 6 + cos? ) (4.20)

The MSSM limit is obtained setting 0 —
/2 1.e. vg =0.

Before we close this section we give some details
of the calculation. At the scale Q = Mgysy we
vary randomly the SUSY parameters M, p and
tan 3, as well as the R—Parity violating parame-
ter es. The parameter vs = vcosf is calculated
from the boundary conditions. Since A (or equiv-
alently the SM Higgs mass m?% = 2X\v?) is varied
randomly, in practice we also scan over 6. This
way, we consider all possible initial conditions for
the RGEs at Q = Msysy, and evolve them up to
the unification scale Q = Mgyr. The solutions
that satisfy b — 7 unification are kept.

4.4 Yukawa Unification in the ¢ model: II1
Results and Discussion

The results are summarized in Figure 2 where
we present the top quark mass as a function of

tan 3 for different values of the R—Parity violat-
ing parameter vs. Bottom quark and tau lepton
Yukawa couplings are unified at Mgyr. The hor-
izontal lines correspond to the lo experimental
m; determination. Points with ¢ — b — 7 unifica-
tion lie in the diagonal band at high tan § values.
We have taken Mgysy = m;. The dependence
of our results on a; and m, is totally analogous
to what happens in the MSSM. The upper bound
on tan 3, which is tanfg < 61 for oy = 0.118,
increases with o and becomes tan < 63 (59)
for @5 = 0.122 (0.114). The top mass value for
which unification is achieved for any tan (8 value
within the perturbative region increases with as,
as in the MSSM. As for the dependence on my,
if we consider mp(mp) = 4.1 (4.5) GeV then
the upper bound of this parameter is given by
tan 8 < 64 (58). In addition, the MSSM region
is narrower (wider) at high tan 8 compared with
the mp(myp) = 4.3 GeV case. The line at high
tan (3 values corresponds to points where t —b— 7
unification is achieved. Since the region with
lvs] < 5 GeV overlaps with the MSSM region,
it follows that ¢ — b — 7 unification is possible in
this model for values of |vs| up to about 5 GeV,
instead of 50 GeV or so, which holds in the case
of bottom-tau unification.

5. On a3(My) versus sin® Oy, (My)

Recent studies [,’_1-9‘] of gauge coupling unification
in the context of minimal R-Parity conserving
supergravity (SUGRA) agree that using the ex-
perimental values for the electromagnetic cou-
pling and the weak mixing angle, the prediction
obtained for as(Mz) ~ 0.12940.010 is about 20
larger than indicated by the most recent world
average value as(Mz)"W4 = 0.118940.0015 [20].

We have re-considered the a; prediction in
the context of the model with bilinear break-
ing of R-Parity. We have shown [21], that in
this simplest SUGRA R-Parity breaking model,
with the same particle content as the MSSM,
there appears an additional negative contribu-
tion to as, which can bring the theoretical pre-
diction closer to the experimental world average.
This additional contribution comes from two—
loop b—quark Yukawa effects on the renormaliza-
tion group equations for as. Moreover we have
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Figure 3: as(Mz) versus §z for the MSSM.
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Figure 4: «a.(Mz) versus §z for the bilinear R,

6. Conclusions

The bilinear R-Parity model is a minimal ex-
tension of the MSSM with many new features,
among which the possibility of having masses for
the neutrinos. We have shown that it is possible
to incorporate these models in a N=1 SUGRA
scenario, where the number of free parameters
is reduced. In these so—called radiative break-
ing scenarios we showed that this model allows
b — 7 Yukawa unification for any value of tan g
while satisfying perturbativity of the couplings.
We also find the t — b — 7 Yukawa unification
easier to achieve than in the MSSM, occurring
in a wider high tan 8 region. By performing a
full two—loop calculation [:_2-]_;] we also have shown
that in this model there appears an additional
negative contribution to o, which can bring the
theoretical prediction closer to the experimental
world average. Although we presented here only
the one generation example, we have achieved
also the above results in the full three generation
In this situation we can get at one—loop
non zero values for the masses of the two lightest

case.

neutrinos which very interesting in the context of
solving the solar and atmospheric neutrino prob-

lems [6].
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